Purified multiwalled carbon nanotubes ͑MWCNTs͒ were dispersed in poly sodium 4-styrenesulfonate ͑PSS͒ and polydiallyldimethylammonium ͑PDDA͒, respectively, solutions, where some of them were adsorbed on a CNT wall, providing a positive or negative charge on the CNT wall. The presence of surface charges on the CNTs then allowed a consecutive deposition of CNT via the electrostatic layer-by-layer method. The flexibility of the polyelectrolyte chain is one of the key parameters used for determining the ability of the chain to wrap around the nanotubes and thus affects the deposition morphology. This was controlled by changing the NaBr concentration. Analyses using UV-visible spectroscopy, ellipsometry, and scanning electron microscopy showed that the deposition rate of CNT-PSS increased as the NaBr concentration increased. The deposition rate of CNT-PDDA initially decreased as the NaBr concentration increased and it increased with further increasing NaBr concentration. The interaction between the CNT and PSS increased as the salt concentration increased from X-ray photoelectron spectroscopy analysis. However, the effect of NaBr on the interaction between CNT and PDDA was different from that of CNT-PSS. The unsaturated impurity peak of PDDA at 291 eV disappeared when the NaBr concentration was low and it appeared again as the NaBr concentration increased further.
Dispersion of carbon nanotubes ͑CNTs͒ in a solution is one of the most challenging issues in CNT thin-film deposition. Dissolution of CNT in organic or aqueous solutions is possible by covalent functionalization of the side walls by chemical modification. [1] [2] [3] This treatment, however, sacrifices the electronic properties of the CNTs by breaking their extremely high aspect ratio. Another approach is to suspend CNTs in solutions with surfactants [4] [5] [6] [7] [8] or to physically adsorb dissolving components on the side walls. 7 These noncovalent modification techniques retain the desired properties of the CNTs, simultaneously making the material processible even in aqueous solution. Homogeneous, stable, and relatively concentrated CNT dispersion in water is obtained by using surfactants. [4] [5] [6] Nevertheless, the formation of micelles by these surfactants can induce less attraction between CNT bundles, which can cause the aggregation of CNTs. 8 So, a higher molecular weight dispersant is needed. It is reported that CNTs can be made water soluble by wrapping their surface with either a polyanionic 9 or a hydrophilic noncharged polymer. 9, 10 It is important to build CNT film for a wide range of application. One of the most versatile techniques for organic thin-film deposition utilizes layer-by-layer ͑LbL͒ electrostatic self-assembly. This method produces robust films and allows precise control over the film thickness and its properties. 11 In the LbL deposition method, positively and negatively charged species are adsorbed sequentially; the method is based on surface-charge reversal after the adsorption of each layer. Thus it is important that CNTs be effectively wrapped with molecules containing charges. Noy et al. emphasize the importance of ionic strength when wrapping CNTs with a polyelectrolyte. 12 Also, ionic strength of suspension can be changed by salt concentration in the suspension. Therefore, changing the salt concentration is a convenient way to alter the configuration of the polyelectrolyte molecules. [13] [14] [15] [16] There is little research regarding the effect of the ionic strength on multiwalled CNT ͑MWCNT͒ consecutive film using an electrostatic assembly. In this paper, the effect of sodium bromide, which controlled the ionic strength during the deposition of CNTpolyelectrolyte ͓CNT-PE, CNT-poly sodium 4-styrenesulfonate ͑PSS͒ and CNT-polydiallydiamethylammonium ͑PDDA͔͒ thin films, was studied. An appropriate selection of strong polyelectrolytes with opposite electrical charges was used to prepare CNT dispersions. The deposition characteristics of these films and the effect of the NaBr concentration on the film formation were reported.
Experimental
MWCNTs were synthesized by chemical vapor deposition ͑CVD͒. For this procedure, the following materials were obtained from Aldrich: PSS, PDDA, polyethyleneimine ͑PEI͒, polyacrylic acid ͑PAA͒, polyallylamine hydrochloride, and NaBr. Deionized water was used in all experiments. Figure 1 shows a schematic of the molecular structures of two strong polyelectrolytes: ͑a͒ PSS and ͑b͒ PDDA. In water, the PSS chain has a negative charge while the PDDA chain has a positive charge.
CNT raw soot was heated in air to 400°C for 3 h and soaked in hydrochloric acid for 1 day. It was filtered using vacuum filtration equipment and rinsed with deionized water five times. After purification, the CNTs were annealed for 9 h at 1000°C in a sealed quartz ampule. CNT suspensions mixed with polyelectrolyte ͑CNT-PE suspensions, CNT-PSS, and CNT-PDDA͒ were prepared as follows. First, the purified CNTs were added to water up to 0.1 wt %, and the CNT suspension was then kept in an ultrasonic bath for 1 h. One of the two polyelectrolytes was then added to the suspension. The CNT-PSS and CNT-PDDA suspensions were kept in an ultrasonic bath for 1 day. In this experiment, the concentration of polyelectrolytes was kept at 10 mM. The pH of each suspension was 7.5 and was adjusted by adding 0.1 M NaOH and HCl. Following this, the ionic strength of the suspension was changed by adding the NaBr in a concentration range from 0 to 1 M. Silicon and Corning glass substrates were cleaned in acetone, methanol, and concentrated H 2 SO 4 /H 2 O 2 ͑3:1͒. To remove the substrate material effect, the substrate was dipped in three kinds of polyelectrolyte solution, PEI, PAA, and PAH, sequentially. The concentrations of PEI, PAA, and PAH in the aqueous solutions were all 10 mM. The pH values of these solutions were adjusted to 7.5, and the substrate was then alternately immersed in CNT-PSS and CNT-PDDA suspensions for 15 min in order to deposit the CNT-PSS and CNT-PDDA films using the conventional LbL assembly technique.
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A UV-visible ͑UV-vis͒ spectrophotometer ͑UV-3101PC͒ was used to monitor the deposition amount of the CNT-PSS and CNT-PDDA in a wavelength range of 200-1600 nm in air. The thickness of the films was measured using a spectroscopic ellipsometer ͑R200D͒. When fitting the law data, we use the Cauchy model for the long wavelength region and the Tauc-Lorentz Oscillator model in the wavelength range under 500 nm. We obtained the film thickness satisfying mean square error ͑MSE͒ value under 1 in the wavelength range above 500 nm using the Cauchy model. The adsorption state between the CNTs and the polyelectrolyte as the sodium salt concentration varied was investigated using a thermogravimetric analyzer ͑TGA, SDT 600Q͒ and X-ray photon spectroscopy ͑XPS, ESCA 2000͒. The surface morphology of the films was observed via scanning electron microscopy ͑SEM͒. A quartz-crystal microbalance ͑QCM, QCA 917͒ was used to monitor the deposition kinetics of the CNTs. An AT-cut gold-coated quartz crystal with a diameter of 5 mm and a resonant frequency of 9 MHz was used.
Results and Discussion
CNT-PSS and CNT-PDDA powders were separated from the suspension by centrifugation. The CNT-PSS and CNT-PDDA suspensions each contained 1 M NaBr. Figure 2 shows SEM images of ͑a͒ the purified CNT and ͑b͒ the CNT-PSS and ͑c͒ CNT-PDDA powders. The diameter of the CNT increased after the polyelectrolyte treatment. The increase in thickness was approximately 5 nm based on SEM observation. This confirms that the CNTs were coated by PSS and PDDA, respectively.
The thermal properties of CNTs were investigated using TGA. Figure 3 shows the TGA data of the purified CNT, CNT-PSS, and CNT-PDDA powders. There is residue about 10 wt % after TGA. The residue after TGA has been not checked. It is considered that the residue is the unpurified catalyst metal. The purified CNT powder started to burn around 450°C and then disappears around 600°C. However, the CNT-PSS began to burn around 200°C and experienced a slow weight loss up to 400°C. The weight of the CNT-PSS then rapidly decreased above 400°C. The small reduction in the weight of the powder from 200 to 400°C resulted from the burning of the PSS. In addition, the rapid weight change above 400°C resulted from the burning of the CNTs. The CNT-PDDA also began to burn around 200°C, and experienced a slow loss of weight up to 450°C. The weight of the CNT-PDDA was found to decrease more rapidly than that of the CNT-PSS above 450°C. The rapid decrease in the CNT burning temperature with the CNT-PSS and CNT-PDDA powders resulted from the interaction between the CNT and the polyelectrolytes, as physical interaction between CNT and PSS changed the binding energy of CNT. Hence, it is confirmed that physical interaction between CNT and PDDA is stronger than physical interaction between CNT and PSS.
Film surfaces were investigated using SEM after each deposition cycle of CNT-PSS and CNT-PDDA. The CNT-PSS and CNT-PDDA suspensions contain 1 M NaBr, respectively. In Fig. 4 , images ͑a͒ through ͑f͒ show the surface morphology of the CNT films after 0, 1, 3, 6, 8, and 10 deposition cycles, respectively. As the number of deposition cycles increase, the adsorbed level of CNT increases. After 10 deposition cycles, many pores were observed on the surface of the film. In addition, the CNTs on the film surfaces became entangled with each other. For good surface coverage, the deposited materials must be close-packed. Due to the electrostatic repulsion between the polyelectrolytes and the CNT surface, CNTs are distributed on the surface. But it is difficult to deposit CNTs in closedpacked configuration due to their high aspect ratio and a somewhat "curly" attribute. Thus, the CNTs in the film would be entangled with each other rather than distributed uniformly. 
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Journal of The Electrochemical Society, 154 ͑9͒ K68-K73 ͑2007͒ K69 Figure 5 shows the absorbance and thickness of the CNT films as a function of the number of deposition cycles. The absorbance increment is low during the first 4-6 cycles but is nearly linear above 6 cycles. If each adsorbed layer is continuous and covers the substrate completely, the absorbance is linear from the start. In this case, the CNT-PSS and CNT-PDDA do not completely cover the surface. The CNT deposition processes were also characterized by measuring the thickness using an ellipsometer. Figure 5b shows the film thickness measured by an ellipsometer as a function of the deposition cycle. At an early stage, the thickness is greater than the linear extrapolation due to an island cluster formation. The thickness increases nearly linearly past 10 deposition cycles. The total thickness after 12 cycles is 140 nm, and the average deposition thickness is approximately 12 nm. However, the mean radius of the CNT is approximately 15 nm, as shown in Fig. 3b . The average deposition thickness of the film is less than the mean radius of the CNT with polyelectrolyte. An irregularly layered structure, intermingled between layers of the CNT film, is likely responsible for the film with a smaller value. 12 CNT-PSS and CNT-PDDA cover the entire surface during the first few deposition cycles and are then deposited sequentially as an irregularly layered structure. Thus, the average deposition thickness per cycle is less than the mean radius of the CNT-PSS and CNT-PDDA, respectively. Figure 6 shows surface images of the CNT film after five cycles. In Fig. 6a-f , the NaBr concentration in the CNT-PSS suspension was varied: ͑d͒ 0, ͑e͒ 0.1, and ͑f͒ 1 M. The NaBr concentration in the CNT-PDDA suspension was fixed at 1 M. Additionally, in Fig. 6d-f , the NaBr concentration in the CNT-PDDA suspension was varied: ͑a͒ 0, ͑b͒ 0.1, and ͑c͒ 1 M. In contrast, the NaBr concentration in the CNT-PSS suspension was fixed at 1 M. The end process is CNT-PSS in Fig. 6a-c , while the end process is CNT-PDDA for Fig. 6d-f . In Fig. 6a-c , as the NaBr concentration in the CNT-PSS salt suspension increases, the amount of adsorbed CNT increases. In Fig. 6d-f , however, only a slight effect of the NaBr on the CNT deposition is shown. The amount of deposited CNT decreases as the NaBr concentration increases from 0 to 0.1M. This implies that the NaBr concentration in the suspension containing PSS could play a more important part during the CNT deposition process. The NaBr in the CNT-PDDA suspension has little effect on the deposition of the CNT.
In Fig. 7a , the NaBr concentration in the CNT-PSS is varied, while that in the CNT-PDDA is fixed at 1 M. As shown in Fig. 7a , for the CNT-PSS, the absorbance increases as the NaBr concentration increases. However, when CNT-PSS with 0.1 M NaBr was deposited, the absorbance increased slowly during the first four cycles, after which the growth accelerated and became linear. Until four cycle depositions, the CNT does not cover the substrate completely, as the CNT cannot be coated well with PSS at a concentration of 0.1 M NaBr. After the entire surface is covered by the CNT-PSS, there is then sufficient charge for an electrostatic deposition of CNT. Hence, additional CNT can be deposited easily after an incubation cycle. This is related to the charge density on the CNT wall. As the NaBr concentration increases, the persistence length of PSS is shorter, resulting in more curled and flexible chains. Thus, PSS is easily coated onto the CNT wall. In this case, the CNT-PSS would be deposited more easily as the concentration of salt in the suspension increases.
The first four-cycle of 0.1 M NaBr in Fig. 7a is termed zone I according to the three-zone model. 17 The other zones are composed of the bulk of the film ͑zone II͒ and a film/ambient interface ͑outer zone III͒. During the deposition, zones I and III form first. After these zones form, their thickness remains constant and further film 
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In Fig. 7b , the NaBr concentration in the CNT-PDDA suspension is varied while that in the CNT-PSS is fixed at 1 M. The film composed of CNT-PDDA, which contains no salt, shows higher absorbance. For the 0.1 M NaBr shown in Fig. 7b , the level of absorbance is lower than that for 0 M NaBr. In the CNT-PDDA with a small concentration of NaBr, the salt effect is very low. The absorbance increases when the NaBr concentration is 1 M. For the CNT-PDDA, a critical salt concentration is needed to enhance the deposition of the CNTs.
Electronic structural information regarding the interaction between CNTs and polyelectrolytes may be deduced from the XPS result. Figure 8 shows the C 1s XPS spectra of ͑a͒ purified CNT and CNT-PSS powders filtered from the CNT-PSS suspension with ͑b͒ 0, ͑c͒ 0.01, and ͑d͒ 1 M NaBr. The C 1s photoemission spectra of CNT is composed of four subpeaks with different binding energies: 284.3 eV ͑C1͒, 285.2 eV ͑C2͒, 286.2 eV ͑C3͒, and 287 eV ͑C4͒.
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The first two peaks have been identified with the sp 2 ͑C1͒ and sp 3 ͑C2͒ hybrid forms of carbon. The other peaks are ascribed to OH and ϾC = O. As shown in Fig. 8 , the binding energy of the purified CNT is 284.30 eV. The binding energies of the CNT-PSS with 0, 0.01, and 1 M NaBr in the CNT-PSS suspension are 248.6, 284.67, and 284.72 eV, respectively. The full width at half-maximum ͑FWHM͒ increases from 1.35 eV for the purified CNT to 1.49, 1.51, and 1.59 eV, respectively, for negatively charged CNTs as the salt concentration increases. The C2/C1 intensity ratio increases from 0.434 to 0.438, 0.442, and 0.634, respectively, as the NaBr concentration increases. The evidence of interaction between the CNT and polyelectrolyte can be found from C1 and C2. C2 shows limited electron delocalization due to the chemical interaction and damage of CNT, among other factors. Therefore, increasing the C2/C1 intensity ratio limits the electron delocalization in CNTs. The increase in the FWHM of the C 1s spectra in the CNT represents the limit of electron delocalization. 19 The increase in the C2/C1 intensity ratio and the FWHM in the CNT-PSS powder indicates that the electron in the CNT is less delocalized. As the NaBr concentration in the CNT suspension increases, the values also increase. This signifies that the attraction between the CNT and PSS increases as the NaBr concentration increases. It is believed that the persistence length of PSS decreases as the NaBr concentration increases. A shorter persistence length for PSS would increase the probability of the wrapping of the CNT with PSS. Additional polyelectrolyte wrapping on the CNT implies a more positive or negative charge of the CNT, enhancing the electrostatic attraction between oppositely charged CNTs. Thus, additional CNTs can be deposited when more NaBr is added to the suspension. This result was consistent with Fig. 7c -e. Figure 9 shows the C 1s photoemission spectra of purified CNT and CNT-PDDA powders obtained from the CNT-PDDA solution with ͑a͒ 0, ͑b͒ 0.01, and ͑c͒ 1 M NaBr. The binding energy of the purified CNT is 284.30 eV, and the binding energies of the CNT-PSS with 0, 0.01, and 1 M NaBr in the CNT-PSS suspension are 248.63, 284.6, and 284.76 eV, respectively. The FWHM of the CNT-PDDA changes from 1.35 to 1.50, 1.49, and 1.56 eV, respectively. The C2/C1 intensity ratio changes from 0.434 to 0.680, 0.625, and 0.719, respectively, as the NaBr concentration varies. However, the FWHM of the C 1s spectra and C2/C1 intensity ratio in Fig. 9c decrease slightly compared to the CNT-PDDA without NaBr. In the CNT-PDDA case, the effect of the NaBr concentration on the interaction between CNT and PDDA is not significant. However, the C2/C1 intensity ratio of the CNT-PDDA without NaBr is 0.680; this value is greater than that of the CNT-PSS with 1 M NaBr. The attraction between the CNT and PDDA decreases when the NaBr concentration is low, causing less CNT deposition, as shown in Fig. 6b . The binding energy, FWHM, and C2/C1 intensity ratio of the CNT-PSS and CNT-PDDA powders filtered from solutions with various NaBr concentrations are summarized in Table I .
Sacher et al. reported that PDDA can interact easily with CNT via a − interaction due to the contaminant of the PDDA. 19 Shake-up around 291 eV ͑C5͒ in Fig. 9b and d indicates the presence of unsaturated impurity of PDDA. Its presence indicates that the concentration of the impurity is high for orbital overlap. The shake-up disappears in the CNT-PDDA suspension with 0.01 M NaBr. The all unsaturated impurities of PDDA interact with CNT surface via − interaction. But the deposition rate of CNT-PDDA with 0.01 M NaBr is low in Fig. 7 . This means that interaction between contaminant of PDDA and CNT surface does not significantly increase the deposition of CNT. Also, the C2/C1 intensity ratio of CNT-PDDA is greater than CNT-PSS in the C 1s photoemission spectra at the same NaBr concentration, and the difference in the CNT-PDDA deposition rate is smaller than that for CNT-PSS with the variation of the NaBr concentration. This indicates that enough PDDA covers the CNT wall. Therefore, the NaBr concentration is not a significant factor for the coating of CNT with PDDA in this study. Furthermore, when sufficient NaBr is added to the CNT-PDDA suspension, it is reported that persistence length is reduced effectively for by wrapping the CNT surface. 12 So, other parts of PDDA rather than unsaturated impurities participate in interaction with CNT surface, resulting in an increase in deposition rate of CNT-PDDA. Figure 10 shows the deposition kinetics of CNT-PSS and CNT-PDDA with various NaBr concentrations. The QCM measurement in Fig. 10 was conducted for single-layer, not multilayer, deposition. In our previous work on the film deposition with single-welled CNTsurfactant, we showed that the crystal frequency linearly decreased as the deposition cycle increased. 6 After a gold electrode was dipped into the ͑a͒ CNT-PSS and ͑b͒ CNT-PDDA suspensions, the frequency of a quartz crystal as a function of time decreased rapidly in the solutions. This became saturated at approximately 100 s for the CNT-PSS. The initial decrease resulted from a rapid adsorption of the CNT-PSS on the surface; however, the subsequently slower process may have been caused by conformational changes in the adsorbed material or by continued adsorption. As the salt concentration increases, the frequency change is more drastic. This result is consistent with Fig. 6 and 7 . However, the deposition of the CNT-PDDA is slower than in the opposite case. In the case of CNT-PDDA, the deposited CNT mass is not proportional to NaBr concentration. The CNT mass decreased and increased as the NaBr concentration increased as shown in Fig. 6, 7 , and 9. Therefore, it is not linear. Thus, when the NaBr concentration is low, the NaBr effect is not significant.
Conclusions
The effect of NaBr on the deposition of CNT from CNT-PSS and CNT-PDDA suspensions using a LbL process was investigated. A CNT film was grown linearly on a solid substrate with an average thickness-per-cycle of 12 nm. The deposition rate of CNTs increased as the NaBr concentration increased in CNT-PSS suspension. The deposition rate of the CNT-PDDA decreased when using the CNT-PDDA suspension with 0.1 M NaBr, and it increased when the NaBr concentration was 1 M.
The interaction between the CNT and PSS increased as the salt concentration increased from XPS analysis. However, the effect of Figure 9 . XPS spectra of the C 1s core level of ͑a͒ purified CNT and CNT-PDDA powders obtained from a CNT-PDDA suspension with ͑b͒ 0, ͑c͒ 0.01, and ͑d͒ 1 M NaBr, respectively. Figure 10 . Changes in the frequency of a QCM quartz crystal with various NaBr concentrations when the electrode was dipped in a suspension of ͑a͒ CNT-PSS and ͑b͒ CNT-PDDA suspension.
